A semi-microscopic self-consistent quantum approach developed recently to describe the inner crust structure of neutron stars within the Wigner-Seitz (WS) method with the explicit inclusion of neutron and proton pairing correlations is further developed. In this approach, the generalized energy functional is used which contains the anomalous term describing the pairing. It is constructed by matching the realistic phenomenological functional by Fayans et al. for describing the nuclear-type cluster in the center of the WS cell with the one calculated microscopically for neutron matter. Previously the anomalous part of the latter was calculated within the BCS approximation. In this work corrections to the BCS theory which are known from the many-body theory of pairing in neutron matter are included into the energy functional in an approximate way. These modifications have a sizable influence on the equilibrium configuration of the inner crust, i.e. on the proton charge Z and the radius R c of the WS cell. The effects are quite significant in the region where the neutron pairing gap is larger.
Introduction
Recently, we have developed a semi-microscopic self-consistent approach to describe the neutron star inner crust with the explicit inclusion of neutron and proton pairing correlations [1, 2] . The inner crust is the part of the neutron star shell with subnuclear densities, 0.001ρ 0 ≤ ρ ≤ 0.5ρ 0 , where ρ 0 is the normal nuclear density. It is a crystal system consisting mainly of spherically symmetrical nuclear-like clusters immersed in a sea of neutrons and virtually uniform sea of electrons. The quantum self-consistent description of the inner crust goes back to the classical paper by Negele and Vautherin (N&V) [3] who used a kind of energy functional method combined with the Wigner-Seitz (WS) method to describe the crystal structure effects in an approximate way. Within this approach, for a fixed average nuclear density ρ, the energy functional of the system is minimized for the spherical WS cell of the radius R c . A cell contains A = (4π/3)R 3 c ρ nucleons, specifically Z protons and N = A − Z neutrons. As far as the system is electro-neutral, the number of electrons per a cell is equal to Z. For a mature neutron star which can be considered at zero temperature and neutrino free, the β-stability condition consists in equality of the neutron chemical potential µ n to the sum of the proton and electron ones, µ p +µ e . For a wide region of ρ, the minimization procedure was carried out in [3] for different values of Z and R c resulting in the equilibrium configuration (Z, R c ) for the density under consideration.
It should be noted that the pairing effects were not taken into account in [3] . Thus, the approach developed in [1, 2] could be considered as a generalization of the N&V method with allowance for pairing effects. Although the contribution of the pairing to the total binding energy of the system under consideration is rather small, it turned out that it may to change the equilibrium configuration (Z, R c ) significantly.
To involve the pairing effects in a self-consistent way, we use the generalized energy functional method [4] which incorporates in a natural way the pairing into the original Kohn-Sham [5] method. In this approach, the interaction part of the generalized energy functional is the sum of the normal component, E norm (ρ), and the anomalous one, E an (ρ, ν). They depend on the normal densities (ρ n , ρ p ) and the anomalous ones, (ν n , ν p ). Just as in the Kohn-Sham method, the prescription m * = m holds to be true. The so-called Superfluid LDA method suggested recently [6] is rather close to the method by S. Fayans et al. The main difference between the two approaches is in the form of the density dependence of the anomalous term of the energy functional.
In [1, 2] the semi-microscopic energy functional was constructed with matching at the nuclear cluster surface the phenomenological nuclear functional E ph by Fayans et al. [4] inside the cluster to a microscopic one, E mi , for the neutron environment. The normal part of E mi was found in [7] within the Brueckner approach with the Argonne v 18 potential [8] . The anomalous component of E mi was calculated in [1, 2] within the Bardeen-Cooper-Schrieffer (BCS) approximation for neutron matter, again with the use of the v 18 potential.
It is well known that the BCS approximation overestimates the gap value ∆ n in neutron matter. Various many-body corrections suppress the value of ∆ BCS n significantly. Although up to now there is no consistent many-body theory of pairing in neutron matter, there exists a conventional point of view (see e.g. [9] ) that the BCS gap value is suppressed,
by a factor f m−b (k, k F ) which is between 1/2 and 1/3. The only exception seems to be the work in ref. [10] . In this paper, we use a simple model for the many-body corrections in which the suppression factor f m−b (k, k F ) is supposed to be momentum and density independent. This ansatz is essentially similar to that used in [11] for considering the structure of a superfluid vortex in neutron matter. We modify the anomalous component of the energy functional of [1, 2] by introducing the constant suppression factor. We examine two versions of this model, the P2 model (f m−b = 1/2) and the P3 one (f m−b = 1/3). In this notation, it is natural to name the BCS approximation (f m−b = 1) as the P1 model. We expect that the real truth is somewhere between the P2 and P3 models. One more remark should be made before going to the body of the article. As it was found recently [12] , there are internal uncertainties inherent to the WS method applied to the neutron star inner crust. They originate from the kind of the boundary conditions for the single-particle functions used in the WS method. There are two kinds of such boundary conditions which a priori seem equivalent. As it turned out, the corresponding predictions for the equilibrium configurations (Z, R c ) are in general different. As a rule, the difference is not large, corresponding to variation of Z by 2 -6 units and of R c , by 1 -2 fm. However, sometimes strong changes in the neutron single-particle spectrum arise which influence the solution of the gap equation significantly. Therefore, for each model under consideration, we carried out calculations for both kinds of boundary conditions.
Modification of the BCS anomalous part of the Generalized Energy Functional
The ansatz of [1, 2] for the complete energy functional consists in a smooth matching of the phenomenological and the microscopic functionals at the cluster surface:
where τ = n, p is the isotopic index and the matching function F m (r) is a two-parameter Fermi function. The latter is taken to be the same for the normal and the anomalous components of the energy functional, with the diffuseness parameter d m =0.3 fm and the matching radius R m which should be chosen anew in any new case, in accordance with the equality of ρ p (R m ) = 0.1ρ p (0). For such a choice, practically all the protons are located inside the radius R m . Therefore, the matching procedure concerns,in fact, only neutrons, protons being described with the pure phenomenological nuclear energy functional. In practice, we use in Eq. (2) an approximation in which only neutron components of the microscopic and phenomenological functionals are taken into account in the second term containing the difference of (E mi − E ph ). Following to [1, 2] , we use for the microscopic part of the normal component of the total energy functional (2) the one calculated in [7] for neutron matter with the Argonne v 18 potential. Its explicit form could be found in the cited articles. Here we concentrate on the anomalous part of the energy functional which will be modified in comparison with that of [1, 2] .
The anomalous part of the energy functional used in [1, 2] has the form:
where V eff an,τ is the density dependent effective pairing interaction. The matching relation (2) for the anomalous part of the energy functional leads to the analogous relation for the effective pairing interaction:
The isotopic index τ is for brevity omitted. We shall use the same phenomenological effective pairing interaction V ph eff as in [1, 2] , therefore we omit here its explicit form. Let us note only that it has a density dependent coordinate delta-function form of [4] . The explicit form of the density dependence [4] was modified a little in [1] in accordance with (4) . As to the microscopic effective pairing interaction, it was calculated in [1] microscopically within the BCS approximation with the same Argonne force v 18 as the normal part of the energy functional . In this paper, we modify this procedure to take into account approximately the many-body corrections to the BCS approximation. Let us first repeat the BCS procedure.
The microscopic part of the effective pairing interaction, V mi eff (r), should be found for the model space S 0 under consideration which is limited with the energy E 0 for the single-particle spectrum. For a fixed value of the neutron density ρ n (r), it is defined via the gap equation in homogeneous neutron matter with the density ρ = ρ n (r). We start from the BCS approximation in which the gap ∆ is expressed directly in terms of the bare NN potential v(k, k ′ ) in the 1S 0 channel:
where
U n is the value of the neutron matter potential well. In terms of the effective pairing interaction, the gap equation looks analogously, but the integration in the momentum space is limited within the model space S 0 :
In the BCS approximation the relation between the effective pairing interaction and the bare NN potential is obvious:
The effective pairing interaction entering Eq.(6) depends explicitly on momenta, which corresponds to a non-local force in the coordinate space. In view of very simple local form of the phenomenological effective pairing interaction V ph eff in Eq. (4), for matching it is necessary to simplify the microscopic partner V mi eff to a local form, too. The simplest way is, for a fixed value of ρ under consideration, to define it as a k-independent average value of the effective pairing interaction in Eq. (6) which yields the same value ∆(k F ) as the exact effective pairing interaction:
where The resulting values of the effective pairing interaction in neutron matter for the case of the P1 (BCS), P2 and P3 models are displayed in Fig. 1 .
Let us now discuss the problem of the boundary conditions in the WS method mentioned above. For the case of the BCS approximation, it was examined in [12] . Application of the variational principle to the energy functional under consideration for a WS cell results in the set of the Shrödinger-type equations for the single particle neutron functions φ λ (r) = R nlj (r)Φ ljm (n), with the standard notation. The radial functions R nlj (r) obey the boundary conditions at the point r = R c . There exist different kinds of the boundary conditions. N&V used the following one:
for odd l, and R
for even ones. In [12] it was denoted as BC1. An alternative kind of the boundary conditions (BC2) was considered also there, when Eq. (9) is valid for even l whereas Eq. (10), for odd ones.
As the analysis of [12] for the BCS case (P1 model) has shown, some predictions of the two versions of the boundary conditions (BC1 versus BC2) are in general different. In this paper, we will perform the similar analysis for the P2 and P3 models.
3
A brief summary of the pairing effects in the case of the BCS approximation
Calculations of [1, 2] were carried with the use of the BCS approximation for the neutron matter pairing and the N&V version of the boundary conditions (BC1, in our notation). As it turned out, the pairing correlations influence the equilibrium values of (Z, R c ) significantly. In the paper [12] , for the case of the BCS approximation (i.e., the P1 model), the dependence of the ground state properties of the inner crust on the kind of the WS boundary conditions was examined. The calculations were carried out directly with the two kinds of boundary conditions, BC1 and BC2, and the results were compared with each other. To make the analogous analysis for the P2 and P3 models in the next sections more transparent, we cite here some results of [12] . In particular, Fig. 2 shows the values of the binding energy per a nucleon, E B , for the P1 model calculated with the two versions of the boundary conditions. We see that in the case of very small density, k F =0.2 fm −1 , which is nearby the neutron drip point, the predictions of the BC1 and BC2 versions are practically identical. At increasing density, with k F ≥ 0.6 fm −1 , the uncertainty in the equilibrium value of Z is between 2 and 6 units, with the largest values at the largest k F . The uncertainty in the value of R c is, as a rule, about 1 fm and only for k F =1.1 fm −1 it turns out to be about 2 fm. Referring to [2, 12] for more details, we present in Table 1 the main ground state characteristics of the inner crust. There are two lines for each value of k F . The first one is given for the Z value corresponding to the minimum of the binding energy E B in the BC1 case, the second one, for BC2. The only exception is k F =0.2 fm −1 where these two values of Z coincide. It should be stressed that, as a rule, the value of these uncertainties is smaller than the variations of the equilibrium configuration (Z, R c ) connected with the pairing effects [2] . One more point which is important for the analogous consideration within the P2 and P3 models is as follows. For all the values of k F which were investigated, the relative position of the local minima of the functions E B (Z) is always similar for the BC1 case and the BC2 one. As the result, the corresponding absolute minima are rather close to each other. Table 2 collects some important characteristics of the gap for all the density values under consideration. The relative position of two lines for the same value of k F is the same as as F corresponds to the asymptotic value of the density ρ(r) averaged over the interval R c −b < r < R c , b=2 fm. The asymptotic gap value ∆ as is found as the average of ∆(r) over the same interval. The central gap value ∆(0) is calculated as the average of ∆(r) over the interval 0 < r < 3 fm. The Fermi average gap ∆ F is defined as the average value of the diagonal matrix element of the neutron gap at the Fermi surface. The averaging procedure involves 10 levels above µ n and 10 levels below. At last, ∆ inf means the infinite neutron matter gap value found within the BCS approximation for the density ρ corresponding to the Fermi momentum k as F , and ∆ 0 inf is the same for the Fermi momentum k F . Let us remind that the latter corresponds to the average nucleon density under consideration. Obviously, the inequality k as F < k F takes place because the WS cell contains a nuclear-like cluster in the center with the density which exceeds the average one. The difference is especially large in the case of k F =0.2 fm which is nearby the neutron drip point. Indeed, in this case almost all the matter is concentrated in the central blob. So big difference between the values of ∆ inf and ∆ 0 inf for k F =0.2 fm is explained, first, by the big difference between two values of the Fermi momentum and, second, with the sharp dependence of the ∆ n in neutron matter on k F at small k F .
It is worth to mention that the difference between the asymptotic ∆ as value and the infinite neutron matter prediction ∆ inf is a measure of validity of the LDA for the gap calculation outside the central nuclear cluster. One can see that, as a rule, the LDA works within 10% accuracy, but sometimes the difference is greater which is an evidence of the so-called proximity effect. The Fermi average value ∆ F is usually very close to ∆ as value. It is explained with the fact that the region out of the nuclear cluster, in which the function ∆(r) is almost a constant, contributes mainly to the matrix elements of ∆ nearby the Fermi surface.
For the case of small and intermediate densities, k F < 1 fm −1 , the influence of a particular choice of the boundary conditions, BC1 or BC2, to the value of ∆ F or ∆ as is not essential. As the result, the uncertainty in predictions for the gap function ∆(r) caused by this choice of the boundary conditions is also rather small. An example for k F =0.8 fm is given in Fig. 3 . The difference between any couple of these curves is less than the accuracy of the approach, and any of them could be used as a prediction for ∆(r). To be definite, let us consider the "self-consistent" gap function for the BC1 version of the boundary conditions as the prediction of the WS method for ∆(r) in the case of small and intermediate densities, k F < 1.0 fm −1 . In the case of k F =0.8 fm −1 under consideration it corresponds to Z=42. Such a choice is similar to that used in [2] . Fig. 4 collects predictions for ∆(r) in the BCS approximation for these values of k F . In accordance with the above agreement, the BC1 kind of the boundary conditions is used. The value of k F =1 fm −1 is included as an optional one as far as in this case the uncertainty is not negligible (about 20%) but it is not so big as the one for higher values of k F .
On the contrary, as it is seen in Table 2 , in the case of high densities, k F > ∼ 1 fm −1 , the uncertainty in the value of the neutron gap is rather large. As it was shown in [12] , such big variations (BC1 versus BC2) of the gap value in the WS approximation appear due to the shell effect in the neutron single-particle spectrum which is rather pronounced in the case of high k F and, correspondingly, small R c values. We consider this effect as an artifact of the WS method which should disappear in a more consistent approach. In [12] , we suggested an approximate recipe to avoid this uncertainty for the gap function ∆(r). This topic will be discussed in more detail in the next two sections where the P2 and P3 models are considered with the many-body corrections to the BCS approximation taken into account.
Pairing effects in the case of the P2 model
Let us go to the P2 model in which the many-body corrections to the BCS approximation are taken into account in an approximate way outlined in Section 2, with the factor f m−b =1/2 in Eq. (1) for the gap ∆(k F ) which is the input for finding the effective pairing interaction from Eq. (8). The calculation scheme itself and the presentation of results are mainly similar to those for the P1 model in the previous section. In particular, again two kinds of boundary conditions, BC1 and BC2, are used, and the dependence of the results on the choice is analyzed. Fig. 5 shows the values of the binding energy per nucleon for the P2 model, to be compared to Fig. 2 , where the P1 model is considered. It is not so detailed as Fig. 2 because, according to the experience within the P1 model, we limit the analysis to the vicinity of the absolute minimum of the function E B (Z) as found for the P1 model. Let us first discuss the results with the BC1 boundary conditions. In this case, a detailed analysis was made for k F =0.9 fm −1 , k F =1.1 fm
and k F =1.2 fm −1 . Comparison with Fig. 2 shows that, at a fixed value of k F , the positions of the local minima in the P2 model are close to those in the P1 model. Besides, the relative positions of the absolute minimum and the local ones are the same for the two models. Therefore for other values of k F we examined only the vicinity of the corresponding absolute minimum in the P1 model. The only exception is the "suspicious" case of k F =0.7 fm −1 for which, in the P1 model, the values of E B (Z) in two local minima are rather close. The systematic calculation (with the step δZ=4, instead of the regular one, δZ=2) showed that in this case the general rule formulated above is also valid.
Let us consider now the results in the case of the BC2 kind of boundary conditions. Again the situation is quite similar to that in the P1 model, as confirmed by the detailed comparison of the two sets of calculations for the BC1 and BC2 versions in the case of k F =0.9 fm −1 . Therefore, just as in the P1 model, in the case of the BC2 boundary conditions one can limit the analysis in the vicinity of the absolute minimum for the BC1 one. Table 1 shows that, as a rule, the effect of the boundary conditions in the P2 model is less than that in the P1 one, but only a little. For example, at k F =0.8 fm −1 the equilibrium Z values for the BC1 and BC2 cases are now equal to each other. However, there is the case of k F =0.9 fm −1 in which the effect under discussion is stronger in the P2 model. It should be noted that in the case of k F =1.2 fm −1 the first line of the table (Z=20) contains empty positions corresponding to the BC2 version. This means that in the case under consideration (the P2 model, the BC2 type of boundary conditions and Z=20) the WS solution of the type we consider, i.e. the WS cell with a nuclear type cluster in the center, is not stable. This is a signal of proximity to the point of instability for the phase transition to the homogeneous state. In fact, for such high density values corresponding to k F =1.2 fm −1 [14, 13] and, maybe, to k F =1.1 fm −1 [14] the so-called "spaguetti" phase should appear which can not be described within the WS method with the spherical symmetry assumed. Therefore our consideration of these k F should be considered as optional, and the corresponding results are reported mainly for methodological reason.
Let us now turn to the analysis of the neutron gap. The main gap characteristics in the P2 model are collected in Table 4 which is analogous to Table 2 in the previous section. Comparison and k F =1.1 fm −1 where ∆ F almost vanishes in the BC1 case, being rather big in the BC2 one. At k F =1.2 fm −1 , the contrary situation takes place, i.e. ∆ F vanishes in the BC2 case. For the case of k F =1.1 fm −1 , the ∆(r) function is displayed in Fig. 6 for the two kinds of boundary conditions. The equilibrium value is Z=20 in the BC1 case and Z=24 in the BC2 one. As one can see, the difference between predictions of the two kinds of boundary conditions is drastic. The most strong variation of the gap occurs in the case of Z=20. To understand the reason of this effect, it is instructive to examine the neutron single particle spectrum ε λ . It is displayed in Fig. 7 for the BC1 version and the BC2 one. The positions of the chemical potential µ n are shown with dots. The two spectra are essentially different. The reason is the shift δε λ of each λ-level going from BC1 to BC2 version. The value of the shift is approximately equal to one half of the distance between two neighboring levels with the same (l, j), the sign of the shift being opposite for even and odd l. The absolute value of the shift is proportional to 1/R 1n 23/2 , which are the neighbors of µ n in the BC1 case. One can see that in both cases there is a shell type structure with rather wide intervals between some neighboring levels. In the BC1 case, we deal with a big inter-level space just at Fermi surface, µ n being inside. The width of this interval exceeds the value of 2∆ inf ≃ 2.5 MeV which is characteristic for the gap equation. That is why the gap equation in the BC1 case has practically zero solution (∆ F << ∆ inf ). In the BC2 case, big intervals are situated far from the Fermi surface and do not influence significantly the gap equation. Therefore we have a normal situation in this case with ∆ F ≃ ∆ inf . For Z=24 which is the equilibrium value for the BC2 case, the difference between predictions of the BC1 and BC2 versions is not so dramatic but also exists. Let us return to the P1 model ( Table 2 ). One can see that in the case of k F =1.1 fm −1 and Z=20 the Fermi average gap value ∆ F is suppressed in comparison with the normal one, but is not zero. For the solution of the gap equation one can use the same spectrum ε λ displayed in Fig. 7 . Indeed, the only difference between P1 and P2 models at a fixed value of Z is the value of the gap in neutron matter, ∆ 0 inf , which is a parameter of the model. In the P1 model it is about two times larger than that in the P2 model. However, the direct influence of the gap on the mean field potential and the single-particle spectrum is negligible. But now the value 2∆ inf ≃ 5 MeV is of the order of the energy interval under discussion. Therefore the suppression effect in the gap equation is less than the one in the P2 model.
The "Shell effect" in the neutron single-particle spectrum was discussed in detail in [12] . It was interpreted there as an artifact of the WS approach which does not take into account the periodicity of the crystal. It should disappear in a more consistent approach to the neutron star inner crust structure with periodical boundary conditions. A recipe was suggested in [12] for improving this drawback and finding the gap ∆(r) in such anomalous cases with big difference of the gap values in the BC1 and BC2 versions, one of them being strongly suppressed. It is based on the smooth dependence of ∆(r) on Z in a regular situation and consists in the use of ∆(r) for a neighboring Z with a regular single-particle spectrum at the Fermi surface. In the case under consideration, Fig. 6 , the solid line (BC1) for Z=24 or the dashed one (BC2) for Z=20 correspond to the "normal" situation. The difference between these two curves is not greater than 10%, and, within such accuracy, any of them could be used as the prediction for ∆(r) in the case of k F =1.1 fm −1 within the P2 model. As it was discussed in [12] , such a recipe is not self-consistent within the WS method but it seems to be reasonable from the physical point of view. The arguments were given in this article in favor of the conclusion that the solution of the gap equation in a more consistent approach should be close to the one in the WS approximation in the case of the regular situation for the neutron spectrum.
As it is seen in Table 4 , at intermediate densities, k F =0.6 ÷ 0.8 fm −1 , the regular situation takes place with the approximate equality ∆ F ≃ ∆ inf for both kinds of boundary conditions and ∆ BC1 F ≃ ∆ BC2 F . Therefore one can expect that the gap function ∆ n (r) will be approximately the same in the BC1 and BC2 cases. At k F =0.8 fm −1 , where the equilibrium Z value is the same in both versions, these functions are displayed in Fig. 8 . In this case the difference between ∆ BC1 F and ∆ BC2 F is about 10%. As it can be seen in Fig. 8 , the difference ∆ BC1 n (r) − ∆ BC2 n (r) is also about 10% with the exception of small r < 3 fm which doesn't contribute appreciably to the matrix elements of ∆ n . Thus, the accuracy of predictions for the gap function within the WS approach in the P2 model for the density interval under consideration is about 10%. 
The P3 model
The P3 model is similar to the P2 one, but now the many-body suppression factor in Eq. (1) is equal to f m−b =1/3. The calculation scheme and the presentation of results is quite similar to that in the previous section. Values of the binding energy per a nucleon E B in the P3 model are given in Fig. 11 for different densities, k F =0.6 ÷ 1.2 fm −1 , similarly to Fig. 5 . Again the detailed analysis is made for k F =0.9 fm −1 and partially for k F =0.7 fm −1 . Comparison with Fig. 5 shows that positions of the absolute minima of the function E B (Z) are the same as in the P2 model and in the P3 one for both kinds of boundary conditions at all k F values under consideration with only one exception, k F =0.9 fm −1 and the BC2 version. In the latter case the equilibrium Z values differ by 2 units. The main ground state characteristics of the neutron star inner crust within the P3 model are presented in Table 5 which is similar to Table 3 in Section 4 or Table 1 in Section 3. As one can see, the differences between all the values in Table  5 and those in Table 3 are quite small.
Let us now turn to the analysis of the neutron gap in the P3 model. The corresponding gap characteristics are presented in Table 6 which is similar to Table 4 (the P2 model) or Table  2 (the P1 model). Comparison with Table 4 shows that again the main effect is the general decrease of all the gap characteristics by the factor of 2/3 which corresponds to the values of the many-body suppression factor f m−b =1/3 in Eq. behavior at big k F of the neutron single particle spectra (the "pseudo Shell effect") in the WS approach. In the P1 model (Section 3) the first case of a moderate suppression occurs at k F =1.0 fm −1 , in the P2 model (Section 4), at k F =0.9 fm −1 . In addition, in the P2 model, at k F ≥ 1.0 fm −1 , the gap almost vanishes in some cases for the BC1 case or the BC2 one. Table  6 shows that in the P3 model this pseudo effect becomes even stronger, namely, the first case of vanishing occurs at k F =0.9 fm −1 . A typical case of such vanishing is shown in Fig. 12 . The way to improve this drawback of the WS method and to find the neutron gap function ∆ n (r) in such "bad" cases in the P3 model is the same as above. The predictions for ∆ n (r) within the P3 model are displayed in Fig. 13 for k F =0.6 ÷ 0.8 fm −1 and in Fig. 14 for k F =0.6 ÷ 1.2 fm −1 . The method to choose the version (BC1 or BC2) at every value of k F is the same as it was suggested in the previous section for the P2 model. 
Discussion and Conclusions
Recently a semi-microscopic self-consistent quantum approach was developed [1, 2] for describing the inner crust structure of neutron stars within the WS method with taking into account pairing correlation effects. It is based on the generalized energy functional method [4] which is a modified version of the original Kohn-Sham one [5] for the case of superfluid systems. In this approach, the energy functional is constructed by matching the realistic phenomenological functional by Fayans et al. [4] for describing the nuclear-type cluster in the center of the WS cell to the one calculated microscopically for neutron matter. The anomalous part of the latter was calculated within the BCS approximation. In this paper we take into account, in an approximate way, corrections to the BCS theory which are known from the many-body theory of pairing in neutron matter. Unfortunately, up to now there is no consistent many-body theory of pairing in neutron matter. However, there exists a conventional point of view [9] that the BCS gap value is suppressed due to various many-body theory corrections significantly, by a factor between 1/2 and 1/3. In the method developed in [1, 2] , the set of the neutron matter gap values ∆ n (k F ) at the Fermi surface for the interval of 0 < k F < 1.35 fm −1 is the only input to the microscopic part of the superfluid component of the energy functional. In fact, we limit ourselves with the interval of 0.6 fm −1 < k F < 1.2 fm −1 in which the neutron pairing effects are expected to be larger. It is worth to note that the values of k F ≥ 1.1 fm −1 should be considered as optional as far as the WS configuration with spherical symmetry is evidently unstable in this density The neutron gap ∆ n (r) for k F =0.9 ÷ 1.2 fm −1 in the case of the P3 model region [13, 14] .
We use a simple model to take into account approximately the many-body corrections to the BCS theory. In this model, the BCS value ∆ BCS n (k F ) is suppressed by a density independent factor which was taken to be f mb =1/2 in the first version of the model (named P2) and f mb =1/3 in the second one, P3. These corrections influence the equilibrium configurations (Z, R c ) at different k F . The maximal variation from the BCS theory (the P1 model) to the P2 version occurs at k F =0.7 fm −1 , the equilibrium Z value changing by 6 units. As to the difference of the (Z, R c ) configurations found within the P2 and P3 models for the same version of the boundary conditions, it is usually negligible. The most important variation for P2 versus P3 occurs in the neutron gap function itself. We think that the realistic situation takes place somewhere between the P2 and P3 models. 
